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Composite material is widely used in
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In this study, a sandwich structure of composite material based on glass fiber was
proposed. Its bending properties were investigated, the strength and thermal properties of
the sandwich structure and the materials of its components were tested. The results
showed that the maximum bending load of the sandwich was 250 N, 500 N and 1000 N,
respectively, when the density of the core material was 50 kg/m3, 75 kg/m3 and 100
kg/m3. The temperature had a slight effect on the tensile property of the PU core
material, the ultimate tensile load of the sandwich, whose core material density was 100
kg/m3, was 106 N, 98 N, 983 N and 61 N, respectively, when the temperature was 20 °C,
40 °C , 60 'C and 80 °C. The peak value of the rate of energy release of the deformation of
the sandwich interface increased with increasing temperature, and the peak value occurred
when the crack shifted 40 ~ 50 mm. At temperatures above 80 °C, the resin used in
adhesion of the surface evolved from a glassy state to a highly elastic state.
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IIpeanoskena CoHABHU-CTPYKTYPa M3 KOMITOBUTHOTO MATEPHAJa HA OCHOBE CTEKJIOBOJOKHA.
WccmemoBansl ero cBoiicTBa Ha USTMO, WCTBITAHBI MPOUYHOCTHEIE U TEIIOBLIE CBOIICTBA COHABUU
CTPYKTYPHI U MaTEPUATIOB, €€ COCTABIAIONINX. Pe3yabTaThl MOKA3aIN, UTO MAKCUMAJNLHAT M3TH-
barorias Harpyska couaBuua coctraBiaaia 250 H, 500 H u 1000 H cooTBeTcTBEeHHO, KOT/a
TLIOTHOCTL MaTepuaia CepAIleBUHBI cocTaBiana 50 KI‘/M3, 75 xr/m3 u 100 RI'/M3. Temmnepatypa
HECYIIIECTBEHHO BJIUSET Ha PAaCTATHBAIOIIee CBOMCTBO MaTepuaina cepaleBuasl PU. Ilpenens-
Has PACTATHBAIONIAS HATpPys3Ka COH/BUYA, TJIOTHOCTH MaTepHalia CepAIleBUHBI KOTOPOTO COCTAB-
asma 100 kr/m3, pasamacs 106 H, 98 H, 93 H u 61 H coorsercTBenHo mpu TemmepaTtype 20
°‘C, 40 °C, 60 °C u 80 °C. IIpu Temmepatype Bhiie 80 ‘C cMoia, UCTOAL3yeMasi TIPU AATe3UN
TIOBEPXHOCTH, TTPEBPATUIACH U3 CTEKJIO00PA3HOTO COCTOSTHUS B BBICOKOIJIACTUUHOE COCTOSHUE.

Mexaniuni xapakTepucTMKH 0araTomapoBoi CTPYKTYyPH Ha OCHOBiI KOMIIO3SHTHOIO
Marepiaxy Ha ocHOBi ckiaoBoJokHA. Xiaoli Zhu

3anpoIOHOBAHO CEHJBiU-CTPYKTYPY 3 KOMIIO3UTHOIO MaTepiaJy Ha OCHOBL CKJOBOJIOKHA.
Hocaip:xkeHo #oro BJACTMBOCTI Ha BUI'MH, BUIPOOyBaHO Ha MinHicTh i TemmoBi BiacTuBOCTL
ceHIBiu cTpyrTypu 1 marepiagiB Ii crkuaamoBux. Pesyiabrarm mokasanmn, II0 MaKCHUMaJbHE
SrMHAOUYe HaBaHTAMKeHHs ceHasiua cranosuao 250 H, 500 H i 1000 H Bigmosiguo, xoan
minpHicTs MaTepiany cepresunu cranosmia 50 kr/m°3, 75 kr/mS i 100 kr/m3. Temueparypa
HEeCYTTEBO BILIMBAJIA HA POSTAMKHY BiacTuBicTs matepiany cepuesunu PU. I'panuune posTs-
ryoue HABAHTAXKEHHSA CceHABiua, IriapHicTh MarTepiany cepoeBuHuH sAkKoro cramosmya 100
KI‘/M3, crkaamae 106 H, 98 H, 93 H i 61 H signosigHo, Koau TeMmieparypa gopisHoosBaga 20
‘C, 40 °C, 60 °C i 80 °C. IIpm remmeparypi Bume 80°C cmosaa, sKa BUKOPUCTOBYETHLCA IIPU
aaresii mosepxHi, meperBopUIACA 3 CKJIOMOLIOHOrO CTAHY YV BHCOKOEJIACTHUYHUI CTAaH.

1. Introduction of reinforced concrete is used a composite
of fiberglass, which has low weight and
high strength. The upper and lower clad-

various branches of engineering [4], in par- ding of sandwich plates made of fiberglass-
ticular in construction for the replacement reinforced composite is a glass fiber fabric
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that does not contain alkali, the material of
the middle core is polyurethane foam (PU),
and the binder between the core and the
skin is unsaturated polyester resin [5].

There is a considerable amount of studies
concerning the mechanical properties of glass
fiber reinforced composites. Das et al. [1] has
studied the fracture properties of a new type
of sustainable glass fiber reinforced compos-
ite which was made of waste iron powder and
other ingredients through anoxic carboniza-
tion at room temperature, compared it with
ordinary Portland cement, and found that the
fracture toughness of the composite was
stronger than that of the cement and larger
particles of metallic iron was more beneficial
to the fracture toughness. Mostafa et al. [2]
develop a composite sandwich plate for sail-
ing ship hull by taking glass fiber epoxy com-
posite as the skin and polyurethane foam as
the core material and test the bending per-
formance of the sandwich plate using four-
point bending test. The results showed that
the sandwich plate was linear elastic at the
beginning and then nonlinear elastic, which
was consistent with the prediction results of
the classical sandwich theory.

Bal et al. [3] made a sandwich plate by
taking glass fibre cloth as the upper and
lower skins, poplar veneer as the core mate-
rial and phenol glue as the binder and tested
its bending properties. The results showed
that the vertical fracture modulus and modu-
lus of elasticity of the sandwich plate were
higher than those of the ordinary wood
board. In this study, a microcomputer con-
trolled electronic universal testing machine
was used to perform the three-point bending
test on glass fiber reinforced composite sand-
wich containing different density of PU
foam, the tensile properties of the PU foam
at a certain density at different temperatures
and the tensile properties of the sandwich
containing PU foam at that density at differ-
ent temperatures were measured, and the
strain energy release rate was analyzed.

2. Theory of mechanical
properties of sandwich structure
of composite material

2.1 Theoretical analysis of bending per-
formance

Glass fibre enhanced composite sandwich
was the research subject of this study. Though
the used material is novel, it is an ordinary
foam sandwich structure. Therefore the failure
theory of ordinary form sandwich structure
could be used for analysis [14].
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The theoretical model of indentation fail-
ure of ordinary foam core sandwich is
shown in Fig. 1. Suppose glass fibre panel
as an ideal elastic material and bind well
with the core material. Stress is analyzed
when three-point bending action was per-
formed on the sandwich [15], and the fol-
lowing equation [7] is obtained.
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where ¢ stands for lateral load per unit
length, W stands for the shear force inside
glass fibre panel, N stands for the axial
force inside glass fibre panel, M stands for
the sectional bending moment of glass fibre
panel, and (EI)f’ stands for the bending ri-
gidity of glass fibre panel. Equation (1), (2)
and (3) were simultaneous and solved, and
then we have
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@ was largest when o =7, i.e., the ultimate

load of bending:
s, [T2rE 62 (12)
Btf’ -

Qmax= 3m
2.2 Theoretical analysis of tensile per-
formance

Tensile performance refers to the ability
of ensuring no damages on materials under
outward tension. The size of such an ability
is equal to the size of tension at the mo-
ment when the structure of a material is
damaged. Before determining the load at
the moment when the composite sandwich
delaminated, the energy needed by damag-
ing the structure should be determined at
first. In this study, the strain energy re-
lease rate E,,, was calculated using yield
scale method [9]. Suppose flexibility
A = x/F (the ratio of displacement to load)
was in proportion to a”; least square fitting
was performed on 1lgA and lgo, and the
straight slope was expressed as index n.
Then the strain energy release rate could be
expressed as [8]:

nFx (13)

Eout = 2L1°

where L stands for the width of the test
specimen and [ stands for the length of
crack.

But in the actual test of this study, the
end block of the test specimen might rotate
when deflection occurred; as a result, the
actual displacement was smaller than the
theoretical displacement. Therefore linear
displacement needed to be corrected using
correction factor B. The formula of correc-
tion factor B [10] was:

2
2 9 xdy dy 9(x

oer (o] 4 ] 2] o
dgy
T
gidity of "block whose the rotation effect
2

9 xdl dy
'8 Tl
correcting the lever and end block rigidity

of which changed because of the rotation of
2

was used for correcting

where was used for correcting the ri-

was ignored } was used for

end block, g(l]
the large displacement in the lever, and d;
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and dy stand for the thickness and width of
the clamp which was used for fixing test
specimen respectively. The correction factor
could also be used for correcting flexibility.

Lead terminal was used in the test.
Therefore the large displacement produced
by the lever was smaller than the crack of
the test specimen, and the load had obvious
displacement. To correct the deviation, cor-
rection factor D was introduced, and its
formula [11] was:

2
3 (x 3 (xdy (15)
D=1‘E[7] _2(z2j

2
where 1—30 (ﬁ) was used for correcting large
. 3 1
displacement and AR was used for cor-

recting the rotation of 'lead terminal. The

actual lever arm I’ = WD.

In conclusion, strain energy release rate
was in proportion to the squared value of
momentum of structural layering, and it
could be corrected by multiplying correction
factor D according to the theory of small
displacement E  ;

3. Experimental

The properties of the raw materials of
glass fibre composite sandwich are shown in
Table 1.

To detect the tensile strength of PU
under different temperatures, a PU cube
which was in a size of 60 cmx60 cmx60 cm
and whose density was 100 kg/m3 was em-
bedded with a thermocouple transducer and
connected with an intelligent temperature
inspecting instrument to obtain the internal
temperature of the form. The temperature
of the test specimen should be up to the
requirement during experiment. There were
four test specimens.

Glass fibre composite sandwich was
manufactured [13]. Firstly PU at different
density were cut into pieces in a size of
250 mmx70 mm and 60 mm. Then the
upper and lower surfaces were coated with
unsaturated polyester resin. Two layers of
0°/90° alkali-free glass fibre cloth were
pasted on the upper and lower surfaces of
the foam. Then the surfaces were coated
with resin.

Loading test was performed following
ASTM C€393-62 [12] and using three-point
bending method. WDW-300D microcom-
puter control electron universal testing ma-

Functional materials, 25, 4, 2018
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Table 1. The properties of the raw materials of glass fibre composite sandwich

Components

Density Tensile strength

Biaxial type E alkali-free glass fibre cloth
PU

Unsaturated polyester resin

800g/m? 3.5GPa
100, 75, 50kg/m3 \
\ 60-85MPa

chine (Jinan Hensgrand Instrument Co., Ltd.,
China) was used, and the loading speed was 3
mm/min. Firstly the test specimen was pre-
loaded, and the loading capacity was 25% of
the theoretical value of the ultimate load.
Then it was set as 0, and loading started
again. Loading stopped if the structure of the
test specimen was damaged.

Tensile test on PU: The aforementioned
microcomputer control electron universal
testing machine was used. The temperature
of the test was provided by the self-con-
tained temperature box. Firstly the foam
was connected with the loading block which
was used for tension using structural adhe-
sive. After complete solidification of the
structural adhesive, the temperature in the
temperature box was improved and kept at
the level which was required by the test
using temperature control system. The PU
which was embedded with a sensor was put
into the temperature box and was fixed by
the internal tension loading head. The inter-
nal temperature of the PU was detected
using the intelligent temperature inspecting
instrument which was connected with the
sensor. When the internal temperature was
the same with the temperature inside the
temperature box, loading started in a speed
of 3 mm/min. Loading stopped if the struc-
ture was damaged. The test temperature
was 20, 40, 60 and 80 °C, respectively.

Tensile test on the glass fiber reinforced
composite sandwich whose density of core
material was 100 kg/m3: The setting of the
test equipment and the placement of the
test specimen were the same with the last
test. When the internal temperature of the
test specimen was the same with the tem-
perature inside the temperature box, load-
ing started at a speed of 3 mm/min. Load-
ing stopped when the fiber cloth was
stripped to the 2/3 of the sandwich. The
displacement curve was automatically re-
corded by a computer.

4. Results and discussion

4.1 Bend loading test

In the test, delamination failure occurred
to the test specimen whose density of core
material was 50 kg/m3, and shear failure
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Fig. 1. The indentation failure of core material

occurred to the test specimens whose den-
sity of core material were 75 kg/m3 and 100
kg/m3 respectively. Fig. 2 shows the three-
point bending load-displacement curve of
the sandwiches with different density of
core material.

It could be noted from Fig. 1 that the
glass fiber reinforced composite with differ-
ent density of core material had different
bearing capacity. The bearing capacity of
the sandwich whose density of core material
was 50 kg/m3 was 250 N, the smallest, but
its deformation was 7 mm, the largest.
Among the three kinds of core materials,
only the core material at the density of
50 kg/m3 had deformed before loading, in-
dicating that the core material at the den-
sity of 50 kg/m3 was difficult to bear even
its own load and was not suitable as the
material which is required to have certain
bearing capacity. The maximum bearing ca-
pacity of the sandwich whose density of
core material was 75 kg/m3 is 500N, which
was twice that of the sandwich whose the
density of core material was 50 kg/m3.
When the bearing load was maximum, the
deformation was maximum, and the defor-
mation displacement was 5 mm. Unlike the
sandwich whose density of core material
was 50 kg/m3, it had no deformation before
loading, indicating that the sandwich could
bear its own load and could be used in fields
such as building. The maximum bearing ca-
pacity of the sandwich whose density of
core material was 100 kg/m3 was 1000 N,
which was twice that of the sandwich whose
density of core material was 75 kg/m3.
When the load was maximum, the deforma-
tion was 2 mm, and the bearing capacity of
the sandwich whose density of core material
was 100 kg/m3 was maximum. Compared
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Load/N
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100 kg/m?®
Fig.2. The three-point bending load-dis-
placement curve of the sandwiches with
different density of core material.

with the other two kinds of sandwich, it
was more suitable to be a material which is
required having certain weight. In sum-
mary, the bearing capacity of glass fiber
reinforced composites increased, and the
maximum deformation degree decreased
with the increase of core density.

4.2 Tensile performance under different
temperatures

— The tensile performance of PU at the
density of 100 kg/m3:

It could be seen from Table 2 that with
the increase of ambient temperature, the
temperature inside the PU rose, the maxi-
mum tensile load, tensile strength and ten-
sile modulus decreased. Compared to the pa-
rameters under 20 °C, the maximum tensile
load, tensile strength and tensile modulus
decreased 4.1%, 6.5% and 5.6%, respec-
tively, under 40 °C, decreased 9.7%, 9.7%
and 25.6%, respectively, under 60 'C, and
decreased 39.2%, 88.7% and 31.8%, re-
spectively, under 80 °C. The reason for this
phenomenon was that high temperature sof-
tened PU and enhanced its plasticity. The
tensile modulus was one of the important
parameters to measure the tensile proper-
ties of PU foam. The comparison of the
tensile modulus of PU at different tempera-
tures suggested that the decrease of modu-
lus was not cbvious; therefore temperature
had little influence on the tensile perform-
ance of PU.

Table 2. The tensile test results of PU.

Temperature/C 20 40 60 80

The maximum |758.58|727.81|684.87|461.56

tensile load/N

Tensile 0.81 | 0.29 | 0.28 | 0.19
strength/MPa
Tensile 12.61 | 11.90 | 9.34 | 8.60
modulus/MPa
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Fig.3. The load-displacement curve of the
sandwich under four temperatures.

— The tensile performance of the sand-
wich under different temperatures.

Under different temperatures, different
cracks generated on the binding interface
between the glass fibre cloth and PU during
loading. When the temperature was below
80 °C, the crack was smooth, and the core
material had no shear failure. When the
temperature was higher than 80 °C, the
crack was not stable, and the core material
had shear failure.

The load-displacement curve shown in
Fig. 3 suggested that the load of the sand-
wich decreased with the increase of tem-
perature under the same opening displace-
ment. The decrease amplitude was the larg-
est when the temperature was 80 °‘C. For
each test specimen under different tempera-
tures, when the tensile displacement was
maximum, the load of the sandwich under
20 °C, 40 °C, 60 °C and 80 °C was 106 N,
98 N, 93 N and 61 N, respectively.

— The strain energy release rate under
different temperatures

Figure 4 shows the relationship between
the strain energy release rate of the glass
fibre reinforced composite sandwich and
crack growth. The peak value of the strain
energy release rate only appeared in cracks
which was 40 ~ 50 mm long when the tem-
perature was between 20 °C and 80 °C, and
the peak value increased with the increase
of the temperature. When the temperature
was below 40 °C, the strain energy release
rate was stable; the strain energy release
rate of cracks which was 60 ~ 80 mm long
had large fluctuation when the temperature
was 60 °C; the strain energy release rate
had drastic change with the change of crack
length when the temperature was 80 °C,
which was twice that of cracks under the
other temperatures, and there was a fluc-
tuation in cracks which was 60 ~ 80 mm
long. The reason for the above phenomenon
was that the resin used for bonding turned

Functional materials, 25, 4, 2018
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from glassy state to high-elastic state under
the effect of high temperature, leading to dis-
continuous interface. It could be noted from
Fig. 4 that the state transformation of resin
started when the temperature was 60 "C.

5. Conclusions

In this study, the bending performance
of the glass fibre reinforced composite sand-
wich with different density of PU core ma-
terial was tested using a microcomputer
control electronic universal testing machine
and three-point bending method, moreover
the tensile performance of core material at
a certain density under different tempera-
tures and the sandwich which contained core
material at that density were tested using a
temperature box. The results were analyzed,
and the conclusions were as follows.

The ultimate bearing capacity of the
sandwich whose density of PU was 50
kg/m3 was 250 N, the smallest, its deforma-
tion was the largest, and the deformation
displacement was 7 mm. The ultimate bear-
ing capacity of the sandwich whose density
of PU was 75 kg/m3 was 500 N, and the
maximum deformation displacement was 5
mm. The ultimate bearing capacity of the
sandwich whose density of PU was
100 kg/m3 was 1000 N, and the maximum
deformation displacement was 2 mm.

The maximum tensile load, tensile
strength and tensile modulus of the PU at
the density of 100 kg/m3 decreased with the
increase of temperature, and the decrease
was slow. The decrease of the tensile
strength and module was not obvious.
Therefore it was concluded that tempera-
ture had little influence on the tensile per-
formance of PU.

The glass fibre reinforced composite
sandwich whose density of PU was
100 kg/m3 had different tensile perform-
ance under different temperatures. When
the opening displacement of the glass fibre
cloth and core material were the same, the
tensile load decreased gradually with the in-
crease of temperature. For each test speci-
men under different temperatures, the load
of the sandwich was 106 N, 98 N, 93 N and
61 N at the temperature of 20, 40, 60 and
80 °C respectively when the tensile displace-
ment was maximum.

The strain energy release rate of the glass
fibre reinforced composite increased with the
increase of temperature, and the peak values
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Fig.4. The strain energy release rate-crack
length curve under different temperatures.

mostly appeared in cracks whose length was
between 40 mm and 50 mm. When the tem-
perature was 40 °C, the change of strain
energy release rate was stable; the change
of the strain energy release rate became
larger when the temperature was 60 'C and
intensive when the temperature was 80 °C.
The reason for the above phenomenon was
that the resin used for bonding turned from
glassy state to high-elastic state under the
effect of high temperature.
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